Background and Purpose: Increased transcranial Doppler velocities and regional cerebral perfusion defects have been well demonstrated in patients with subarachnoid hemorrhage, but the clinical significance of these changes has not been clearly defined, particularly in the presymptomatic stage of cerebral vasospasm. We have tested the hypothesis that a rapid, massive rise in Doppler velocity denotes progressive vasospasm by relating Doppler velocity increases to regional cerebral blood flow changes and to the subsequent clinical course.
T he technique of transcranial Doppler sonography
(TCD) 1 is now well established for investigating changes in cerebral hemodynamics. This technique will probably make its most important clinical contribution to the management of patients after subarachnoid hemorrhage (SAH). A rise in TCD velocity in the basal cerebral vessels occurs in nearly all patients after SAH, 2 -4 and a rapid rise to high levels is frequently associated with clinical deterioration caused by delayed ischemia.
-
3 Although cerebral blood flow (CBF) studies have shown reduced perfusion following SAH putativery caused by vasospasm, few of these studies have used methods that are truly regional. 5 -7 When CBF studies have been combined with TCD, several authors have confirmed that reduced perfusion occurs at sites of increased TCD flow velocities in the proximal feeding vessels. [2] [3] In some studies, CBF has been recorded for the first time only after the onset of deficit, thus reducing the value of this technique. 3 - 8 The purpose of this study was to relate TCD velocity changes to regional CBF patterns, measured using single-photon emission computed tomography (SPECT). Most of the studies were done before the onset of any ischemic symptoms, to test the hypothesis that rapidly increasing TCD velocities in this symptomfree period were associated with the development of regional cerebral hypoperfusion.
Subjects and Methods
One hundred twenty-one patients with SAH were examined serially by TCD, using an EME TC-2 64B and TCPC interface (EME, Uberlingen, FRG) over a 13-month period. Ten additional subjects were excluded because the vessels could not be insonated by TCD. Transcranial Doppler sonography was performed every second day and was increased to daily if the clinical picture was unstable (i.e., development of focal signs and/or fall in the Glasgow Coma Scale) or if TCD velocities were rising rapidly. A transtemporal approach was used for middle and anterior cerebral artery readings, and the internal carotid artery was examined extracranially by a submandibular approach. 1 The timeaveraged mean TCD velocity was used. The ratio of the middle or anterior cerebral artery velocity to the ipsilateral internal carotid artery velocity was also calculated. 9 Doppler studies were performed by one investigator in 14 of the cases reported here, and by two investigators in the remaining six. Details of the clinical features, conscious level using the World Federation of Neurosurgical Societies (WFNS) grading system, site of aneurysm, clinical course, TCD, and computed tomography (CT) findings were prospectively recorded. The severity of SAH was graded using the Fisher Scale 10 (Tables 1 and 2 ).
In the 20 selected patients reported here, regional CBF imaging was performed by SPECT (Novo 810), using technetium-99m hexamethylpropyleneamine oxime (HMPAO) (Amersham, Aylesbury, UK). These cases were selected for CBF studies because rapid TCD velocity rises had been recorded in middle and/or anterior cerebral arteries (>50 cm/sec/24 hr). Because SPECT scanning was only available from 9 AM to 5 PM on weekdays, not all patients with high velocities were included in the current CBF study. In six cases SPECT was repeated.
Analysis of SPECT abnormalities was performed visually, and areas of abnormality were further assessed by delineation using a computer with image processing software. Standard templates of arterial supply territories 11 were superimposed on the SPECT scans, and the distribution of perfusion defects was defined for anterior and middle cerebral arteries separately. Statistical analysis was performed using MINITAB software. The differences in TCD velocity between different groups were tested using Mann-Whitney tests. Tables 1 and 2 . In all patients timing is related to the day of first SAH (day 0). All but two of the 20 patients were admitted in WFNS grades 1 (no neurological deficit, fully conscious) or 2 (confused, no neurological deficit). Patient 15 had an early mild left hemiparesis that worsened the day after surgery but later resolved fully; SPECT revealed a low-flow zone in the right temporo-occipital region; CT scan revealed no infarction.
Results

A summary of the clinical and radiological findings for the 20 patients is given in
In the total group of 121 patients, the peak TCD velocity for 47 patients who developed delayed ischemic deficit was 186±16 cm/sec, which was significantly greater than in the 74 patients who did not develop deficit (150±5 cm/sec, /?<0.001). In the 20 patients selected for SPECT, peak velocity was 186±10 cm/sec. In the 10 patients with deficit selected for SPECT before the onset of deficit (patients 6-15), the peak velocity was 178±12 cm/sec. This was greater than the peak velocity seen in the five patients (patients 1-5) who did not develop deficit (151 ±23 cm/sec), but the difference was not significant (Figure 1) .
The mean ratio of middle or anterior cerebral artery to internal carotid artery velocities (Aaslid index) was 7.4±0.5 (mean±SEM) in the 15 patients selected for SPECT who had neurological deficit (patients [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This was significantly greater than the ratio seen in the five patients who did not develop neurological deficit (4.6±0.4, /?=0.003). The ratio was slightly higher in patients 6-15, and significantly higher in patients 6-20, than in the total group of 47 patients with delayed neurological deficit (6.0±0.3, p=0.06 and p=0.03, respectively). This compared with a ratio of 4.5±0.2 in the total group of 74 patients without deficit.
The maximum velocity increase over 24 hours in either middle or anterior cerebral arteries was 75 ±9.1 cm/sec in the 15 patients with neurological deficit, which was not significantly different from that in the five patients without deficit (59±6.8 cm/sec, p=0.2). In the entire group of 74 patients with neurological deficit, the maximum velocity increase was significantly greater than in the 47 patients without deficit (67±5.6 cm/sec versus 47±3.4 cm/sec, p=0.003).
The SPECT findings are summarized in Table 2 . The mean time interval between TCD and SPECT used for comparison was 2.4±0.3 hours. The regional CBF pattern was abnormal in 14 of the 15 selected patients in which SPECT was performed before the onset of neurological deficit (patients 2-15). There were focal zones of hypoperfusion in 11 patients (Figures 2 and 3 ) and zones consisting of mixed areas of hypoperfusion and hyperperfusion in four. In one patient without deficit, the CBF pattern was normal (patient 1). Of the five patients in whom SPECT was performed after the onset of deficit (patients [16] [17] [18] [19] [20] , hypoperfusion was seen in four, and there was a mixed pattern of hyperperfusion and hypoperfusion in one patient. In three patients in whom the initial SPECT was performed before the onset of deficit, a repeat SPECT showed increased hypoperfusion in two.
When correlation between SPECT, TCD, and clinical findings was considered, the vessel with the highest velocity usually corresponded to the site of aneurysm and the site of perfusion defect on SPECT. This correlation was clearly stronger for middle than for anterior cerebral arteries (Table 2) . In patient 5, who did not develop a delayed neurological deficit, SPECT hypoperfusion was seen contralateral to the aneurysm and to the increased TCD velocities. In two patients there was a significant increase in TCD velocities bilaterally, and this was accompanied by bilateral neurological deficit (patients 10 and 16). The findings on the follow-up CT and the arterial territories in which infarction was seen are shown in Table 2 . There was a small infarction in one patient without neurological deficit. Computed tomographic infarcts were also seen in five patients with neurological deficit, in whom the first SPECT was performed before the onset of deficit, and in three more cases in which the first SPECT was performed after the onset of neurological deficit. In six patients follow-up CT did not show infarction. The sites of the SPECT perfusion defects correlated with the sites of CT infarc- tion in every case, although the former tended to involve larger areas (Figures 2 and 3 ).
Discussion
Prophylactic therapy with calcium antagonists 12 and active management with fluid expansion and hypertensive therapy have significantly reduced the mortality and morbidity from delayed ischemia, but it still remains the most important cause of preventable morbidity after SAH. 13 -15 If patients at risk of delayed ischemic deficit could be identified early, they could be targeted for hypertensive or hypervolemic therapy, and the timing of operation could be planned more rationally. Potent neuroprotective drugs, which may not be suitable for general prophylactic use because of side effects, are likely to soon become available for human use.
1617
These could also be given selectively to those patients at risk of delayed ischemia.
Several studies have suggested that TCD may fulfill an important role in predicting and diagnosing delayed ischemia and vasospasm after SAH, but none of these have succeeded in detecting those asymptomatic patients who later go on to develop neurological deficit. In a larger study based on 121 aneurysmal SAH patients who were studied at least every second day by TCD, we have identified rapidly increasing TCD velocity (>50 cm/sec/24 hr) as the most useful predictive parameter. This accords with the study of Harders et al. 18 In this report we have tested the relation between rapidly rising TCD velocity and abnormalities in regional CBF. In 19 of the 20 patients studied, a rapidly rising TCD velocity was associated with a zone of perfusion deficit on SPECT. The correlation between the TCD velocity and the perfusion defect was good for the middle cerebral artery but not the anterior cerebral artery. This confirms the findings reported from studies correlating angiographic vasospasm with TCD velocities.
19
- 20 The poor correlation between TCD velocity in the anterior cerebral artery and CBF is probably due to the collateral capacity of the anterior cerebral artery via the anterior communicating artery. 19 Previous comparisons of TCD and CBF have not distinguished between middle and anterior cerebral artery findings. 4 -21 A correlation between focal neurological deficit and regional cerebral hypoperfusion, such as we have seen in this SPECT study, has been shown previously, but the CBF studies were commonly performed after the onset of clinical deficit, 8 and angiography rather than TCD has been used to assess vasospasm. The most important finding in this study was that the 15 patients showed a rapid rise in their TCD velocity before they developed any neurological deficit; all but one of these had a perfusion defect on SPECT, and 10 of these then developed a delayed neurological deficit, corresponding anatomically in every case to the CBF pattern. These data thus strongly support our TCD findings in the larger group of 74 patients who did not have SPECT. Some of the patients with increased TCD velocities had perfusion defects but remained asymptomatic. Cerebral blood flow mapping using positron emission tomography and tomographic CT xenon CBF studies 21 - 22 suggest that such patients have reversible hypoperfusion, which remains above the threshold for loss of neurological function or infarction. These presymptomatic patients may be particularly vulnerable to changes in systemic blood pressure and oxygenation in the ischemic tissue because physiological "collateralization" and vasodilatation are maximally developed. Elderly patients with less collateral reserve capacity may be especially at risk.
Cerebral artery velocity measurement will thus overestimate the number of patients who will go on to develop clinical infarction because it fails to take into account such compensatory mechanisms. However, calculation of the cerebral to carotid artery velocity ratio (the Aaslid index), which is an additional index of vasospasm, may improve the predictive value of the TCD technique. 9 Our data show that patients with a rapid rise to high levels of cerebral artery velocity are particularly at risk if they also have an increased vasospasm index.
The most common pattern of disturbance in our patients was hypoperfusion. Mixed zones of hypoperfusion and hyperperfusion were seen in four initial and one repeat SPECT scan (three of these performed before the onset of a neurological deficit). Similar patterns were described in a study using iodoamphetamine SPECT 7 but were a late feature and developed during the phase of "resolution" of vasospasm. This mixed pattern was not described in any of 13 patients (six of whom developed delayed ischemic deficit) studied by Davis et al 8 using HMPAO SPECT. Patchy areas of hyperperfusion adjacent to a low-flow zone have been seen in both animal and human studies with HMPAO, 24 hours or more after the onset of ischemia.
23
- 24 This probably represents partial reperfusion of ischemic tissue.
This study supports the hypothesis that TCD measurements, when frequently performed early after SAH, may help to identify patients at risk of delayed neurological deficit. Moreover, it suggests that even in the false-positive group, in whom a rapid rise in TCD velocity has occurred without onset of subsequent neurological deficit, a zone of low CBF may be present that is insufficient to cause infarction.
